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1. Preparation of 3-VBC monomer 
 
Figure S1. Synthesis of 3-VBC: i) 3,4-dihydro-2H-pyran, p-toluensulfonic acid, CH2Cl2, 0 °C – RT, o/n; ii) Mg, LiCl, THF, RT – 
reflux, 3 h, 94%; iii) FeCl3 anhydrous, vinylacetate, 0 °C – RT, o/n, 55%; iv) dichloromethylene-dimethyliminium chloride, dry 
CH2Cl2., 99%. 
1.1 General Experimental 
High-resolution NMR spectra were obtained on a Bruker 500 MHz spectrometer. 1H NMR spectra were referenced to TMS = 
0 ppm and the data is presented as follows: chemical shift (δ) in ppm, multiplicity, coupling constants (J / Hz, accurate to 0.5 
Hz), and integration. 13C NMR spectra were referenced to the central peak of solvent CDCl3 at 77.0 ppm. GC-MS was carried 
out on an Agilent Technologies 7890A GC system connected to an Agilent Technologies 5975C inert XL EI/CI mass selective 
detector (MSD) operating in EI mode and the conditions were as follows: injection volume = 1 μL, injection temperature = 
250 °C, column = Agilent HP-5MS (30 m × 0.25 mm), oven temperature gradient = 30 °C between 0 – 10 min and then 30 – 
250 °C ramp (20 °C min-1) between 10 – 21 min. 
1.2 2-[(3-Bromophenyl)methoxy]oxane (THP-protected 3-bromobenzyl alcohol ) 1  
A mixture of 3-bromobenzyl alcohol (99%, 12.1 mL, 101 mmol) and p-toluenesulfonic acid monohydrate (0.19 g, 0.99 mmol) 
in CH2Cl2 (165 mL) was cooled to 0 °C. 3,4-Dihydro-2H-pyran (10.4 ml, 110 mmol) was added and the solution was left to 
reach room temperature overnight. The colour changed from transparent to purple and then to dark green. The reaction 
mixture was quenched with a solution of NH4Cl (0.1 M in water) and the aqueous layer was extracted with CH2Cl2. The 
combined organic phases were washed with water, dried over anhydrous MgSO4, filtered and evaporated to yield an oil that 
was purified by silica column chromatography (9:1 petroleum ether: diethyl ether) to give the title product (25.19 g, 94%); 
1H NMR (500 MHz, CDCl3) δ = 7.53 (s, 1H), 7.41 (d, J = 7.5 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 4.75 (d, J = 
12.5 Hz, 1H), 4.70 (s, 1H), 4.47 (d, J = 12.5 Hz, 1H), 3.90 (t, J = 11 Hz, 1H), 3.55 (m, 1H), 1.86 (m, 1H), 1.75 (m, 1H), 1.69-1.54 
(m, 5H); 13C NMR (124 MHz, CDCl3)δ = 140.8, 130.7, 130.6, 130.0, 126.2, 122.5, 97.9, 68.0, 62.2, 30.5, 25.5, 19.3; GC-MS [run 
on crude product] Rt = 18.2 min, m/z 272 (0.1%, [37Cl.M]+), 271 (0.3%, [37Cl.M-H]+, 270 (0.1%, [35Cl.M]+), 269 (0.3%, [35Cl.M-
H]+, 184 (13%), 182 (13%), 172 (18%), 171 (98%, [81Br.M-OTHP]+, 170 (19%), 169 (100%, [79Br.M-OTHP]+, 91 (12%), 90 (29%), 
89 (26%), 85 (35%). 
1.3  2-[(3-ethenylphenyl)methoxy]oxane (THP-protected 3-vinylbenzyl alcohol) 2   
Mg turnings (0.72 g, 30 mmol) and anhydrous LiCl (1.26 g, 30.0 mmol) were stirred under nitrogen overnight in a three-
necked round bottom flask equipped with a reflux condenser and an addition funnel. Following this, a solution of bromide 1 
(6.780 g, 25.00 mmol) in THF (45 mL) was added drop wise. Heating with a heat gun was required to initiate the reaction. 
Once the addition was completed, the reaction mixture was heated at reflux for 30 min and the reaction was allowed to 
reach room temperature over a period of 3 h. A solution of anhydrous FeCl3 (0.16 g, 1.0 mmol) was added and the reaction 
was cooled to 0 °C before the addition of vinyl acetate (1.84 mL, 20.0 mmol). The dark-coloured reaction mixture was stirred 
overnight at room temperature and then quenched with aqueous HCl (0.1 M). The THF was evaporated and the crude mixture 
was dissolved in CH2Cl2 (50 mL) and washed with water. The aqueous phase was extracted with CH2Cl2 (4 × 20 mL) and the 
combined organic phases were dried over anhydrous MgSO4, filtered and concentrated to yield a brown oil that was purified 
by silica column chromatography (9:1 petroleum ether: ethyl acetate) to give the title compound as a yellow oil (2.42 g, 55%); 
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1H NMR (500 MHz, CDCl3) δ = 7.41 (s, 1H), 7.34 (d, J = 7.5 Hz, 1H), 7.31 (t, J = 7.5 Hz, 1H), 7.26 (d, J = 7.5 Hz, 1H), 6.72 (dd, J = 
11, 17.5 Hz, 1H), 5.76 (d, J = 17.5 Hz, 1H), 5.25 (d, J = 11 Hz, 1H), 4.78 (d, J = 12 Hz, 1H), 4.71 (t, J = 3.5 Hz, 1H), 4.50 (d, J = 12 
Hz, 1H), 3.93 (dt, J = 2.5, 11.5 Hz, 1H), 3.55 (m, 1H), 1.87 (m, 1H), 1.74 (m, 1H), 1.69-1.53 (m, 5H); 13C NMR (124 MHz, CDCl3) 
[Note most peaks are doubled perhaps indicating atropisomers; this was not observed in the product of the subsequent step 
on this material.] δ = 138.5, 138.3, 137.7, 136.8, 128.5, 128.3, 127.8, 127.5, 127.3, 125.7, 125.4, 114.0, 97.7, 68.8, 68.7, 62.1, 
62.1, 30.6, 25.5, 19.4, 19.3; GC-MS [run on crude product] Rt = 17.4 min, m/z 218 (0.1%, M+), 118 (44%), 117 (100% [M-
OTHP]+), 115 (23%). 
1.4 3-Vinylbenzyl chloride (3-VBC)  
Dichloromethylene-dimethyliminium chloride (2.19 g, 13.5 mmol) was added to a degassed solution of 2 (2.81 g, 12.9 mmol) 
in anhydrous CH2Cl2 (45 ml) at 0 °C. The solution was allowed to reach room temperature overnight and then washed with 
water, dried over anhydrous MgSO4 and concentrated under reduced pressure. The resulting brown oil was purified by silica 
column chromatography (9:1 petroleum ether: diethyl ether) to yield the title product as a colourless oil (1.98 g, 99%); 1H 
NMR (500 MHz, CDCl3) δ = 7.42 (s, 1H), 7.37 (d, J = 7.5 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 7.28 (d, J = 7.5 Hz, 1H), 6.56 (dd, J = 
11.0, 17.5 Hz, 1H), 5.77 (d, J = 17.5 Hz, 1H), 5.28 (d, J = 11 Hz, 1H), 4.59 (s, 2H); 13C NMR (124 MHz, CDCl3) δ = 138.2, 137.8, 
136.3, 129.0, 128.0, 126.4, 126.3, 114.6, 46.2; GC-MS [run on crude product] Rt = 12.0 min, m/z 154 (12%, 37Cl.M+), 152 (35%, 
35Cl.M+), 117 (100%, [M-Cl]+), 115 (39%), 91 (14%).  
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2. Solution Phase NMR Spectra 
 
Figure S2 1H NMR of 1 
 
Figure S3 13C NMR of 1 
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Figure S4 1H NMR of 2 
 
Figure S5 13C NMR of 2 [Note many peaks are doubled perhaps indicating atropisomerism] 
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Figure S6 1H NMR of 3VBC 
 
Figure S7 13C NMR of 3VBC 
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A 1:1 isomer ratio was calculated from the 1H NMR of the commercial 3/4-VBC mixture. See below 
 
Figure S8. 1H NMR of 3VBC (top), 3/4VBC (middle) and 4VBC (bottom).  
 
3. Anion-exchange membrane (AEM) preparation 
3.1 Radiation-activation of the precursor ETFE films 
For the preparation of all the radiation-grafted anion-exchange membranes (AEM) in this study, poly(ethylene-co-
tetrafluoroethylene) (ETFE) films of 25 μm thickness (supplied by Nowofol Kunststoffprodukte GmbH, Germany) were first 
irradiated in air (containing O2) using a 4.5 MeV Dynamatron Continuous Electron Beam Unit (STERIS Synergy Health, South 
Marston, UK). The absorbed doses were controlled by the number of passes (10 kGy per pass). The films employed in this 
study were exposed to a total of 40 kGy absorbed dose. After irradiation and transport back to the laboratory in dry-ice, films 
were stored in a freezer at -40 °C until the monomer grafting step was performed. 
3.2 Chemicals and materials 
Vinylbenzyl chloride monomer (VBC, mixture of meta- and para-isomers, containing 700 – 1100 ppm nitromethane Friedel-
Crafts inhibitor and 50 – 100 ppm 4-tert-butylcatechol polymerisation inhibitor), 4-vinylbenzyl chloride monomer (containing 
500 ppm of 4-tert-butylcatechol polymerisation inhibitor), 1-octyl-2-pyrrolidone wetting agent, trimethylamine aqueous 
solution (TMA, 45% v/v) and N-methylpyrrolidine (MPY, 97%) were purchased from Sigma-Aldrich (UK). All chemicals were 
used as received except 4- vinylbenzyl chloride, which was filtered through a 4-tert-butylcatechol inhibitor remover column 
followed by addition of 100 ppm of 4-tert-butylcatechol. Ultra-pure water (UPW) used was of resistivity = 18.2 MΩ cm. 
3.3 Ultrasound-assisted grafting procedure 
For the grafting step with the different VBC monomers, a suspension of the target monomer (5-6% v/v) and 1-octyl-2-
pyrrolidone (1% v/v) in deionized water was purged with nitrogen for 30 min at room temperature in a Schlenk tube of 75 
mL capacity. Following this, one pre-irradiated ETFE film sample (ca. 13 cm × 13 cm) was taken from the freezer, weighed 
(mo) and placed in the mixture in the Schlenk tube. The mixture was then purged with nitrogen for another 2 h and the tube 
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was connected to the Schlenk line before immersing it in an ultrasound bath preheated to 70 °C. After sonication for 1-6 h 
(see main paper, Table 1) at 70 °C (35 kHz and 30% of the instruments 750 W maximum power), the grafting mixture was 
discarded and the membrane was washed with toluene and sonicated at 70 °C for 5 min. The ETFE-VBC grafted films were 
finally dried in a vacuum oven at 70 °C for 4 h and weighed (mgraft) in order to determine the Degree of Grafting (DoG). 
𝐷𝑜𝐺 (%) =
𝑚𝑜 − 𝑚𝑔𝑟𝑎𝑓𝑡
𝑚𝑜
× 100 
3.4 Amination procedure with TMA and MPY (yielding the anion-exchange membranes) 
For the amination with TMA, the grafted intermediates were rolled, placed into Schlenk tubes, filled with a solution of 
aqueous TMA and stirred at room temperature for 24 h. 
For the preparation of MPY AEMs, an aqueous mixture of MPY (15% v/v) was added and the tube was heated at 60 °C in a 
water bath with stirring for 6 h.  
The resulting AEMs were thoroughly washed with UPW and heated in water at 60 °C for 1 h. The as-synthesized AEMs were 
then treated with aqueous NaCl (1 mol dm-3) for 2 h (the ion-exchange solution was changed 2 times during this period) and 
then washed thoroughly with UPW. The final Cl–-forms of the AEMs were stored in UPW until required for further analysis 
or testing.  
4. AEM characterization 
AEM(Cl–) samples were removed from the storage UPW and excess surface water was removed by dabbing the surfaces of 
the samples with filter paper. The hydrated masses (mhyd) were speedily recorded (to avoid dehydration on prolonged 
exposure to the atmosphere that typically has a relative humidity RH < 100% in the laboratories). The AEM samples were 
subsequently dried in a vacuum oven at 50 °C for 15 h, after which the dry masses (mdry) were recorded. Gravimetric Water 
Uptake (WU) values were then calculated using the following equation: 
𝑊𝑈(%) =
𝑚ℎ𝑦𝑑 − 𝑚𝑑𝑟𝑦
𝑚𝑑𝑟𝑦
× 100 
The dehydrated AEM(Cl–) samples were individually immersed into aqueous NaNO3 (2.4 mol dm-3, 20 cm3) solutions for 5 h. 
The solutions, still containing the AEM samples, were then acidified with aqueous HNO3 (2.0 mol dm-3, 2.0 cm3) and titrated 
using analytical grade aqueous AgNO3 (20.00 ± 0.06 mmol dm-3) solution. A Metrohm 848 TitrinoPlus autotitrator equipped 
with a Ag-Titrode was used for the titrations. The IEC (mmol g-1) was calculated from the end-point (Ep / cm3) using the 
following equation: 
𝐼𝐸𝐶 (mmol g−1) =
𝐸𝑝 (cm
3)  ×  0.02 (mol dm−3) 
𝑚𝑑𝑟𝑦 (g)
 
The number of water molecules per cationic group (λ) was calculated according to the following equation: 
𝜆 =
𝑊𝑈
(𝐼𝐸𝐶 (mmol g−1) × 18 (g mmol−1))
 
All measurements were repeated on n = 4 samples of each AEM(Cl–).  
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5. Ex-situ alkali tests 
Samples of each AEM(Cl–) (ca. 10 × 10 cm) were immersed in aqueous KOH (1.0 M) solutions, purged with nitrogen for 1 h 
(to minimize O2 and CO2 contamination of the solutions) and immediately sealed in polypropylene plastic bottles. These 
sealed bottles were placed in an oven at 80 °C for 28 d. The KOH-aged AEMs were then re-exchanged to the Cl– forms with 
aqueous NaCl (1.0 M) and UPW treatment as described above. IEC values were determined using the same methods as 
described above. Other experiments (spectroscopic, elemental analysis etc.) were conducted on the alkali aged AEMs as 
required (details given below). 
6. 3/4VBC-AEMs with different IEC 
Table S1. Key properties and alkaline stability of two radiation-grafted AEMs (a and b) with different IECs and water contents 
(errors are from repeat measurement on n = 4 samples of each AEM). Both AEMs were grafted and aminated in analogous 
conditions. For the grafting, membranes were immersed in nitrogen-purged mixtures of water (94% v/v), 1-octyl-2-
pyrrolidone (1% v/v) and reagent grade 3/4VBC (5% v/v) and stirred at 70 °C for 16 h. For the amination, the grafted 
intermediates were immersed in aqueous trimethylamine (45% v/v) and stirred at room temperature for 24 h. 
   AEM-a AEM-b 
IEC / mmol g-1 1.85 ± 0.03 2.12 ± 0.01 
WU [%] 42 ± 4 68 ± 5 
λ 13 ± 1 18 ± 1 
IEC Loss [%] 35 ± 2 16 ± 1 
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7. Raman spectroscopy 
A DXR Raman microscope (Thermo Scientific) was used in this study, with a λ = 532 nm (10 mW) excitation laser focused 
through a confocal microscope. This was used to record the Raman spectra of the surfaces of the various films and 
membranes. A 50× objective was used yielding a laser spot size of ca. 1 µm. A single spectrum at each sampling point (each 
pixel in the Raman maps) was recorded with a spectral range of 3350 – 350 cm-1 with averaging of 4 acquisitions per spectrum 
(10 s per acquisition). 
 
Figure S9. Raman spectra of the precursor ETFE film and the pre-aminated radiation-grafted ETFE-films synthesized using the 
4-VBC, 3/4-VBC and 3-VBC monomers. Laser λ = 532 nm. 
8. Solid-State NMR 
Solid-state NMR spectra on the pre- and post-alkali-aged AEMs were collected at the University of Durham. The 13C magic-
angle spinning spectra were obtained on a Varian VNMRS spectrometer (1H resonance = 400 MHz). To record spectra of the 
AEMs, the samples were dried in a relative humidity RH = 0% desiccator to remove excess water. Chemical shifts (δ) are 
reported in ppm vs. TMS.  
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9. Elemental analysis  
Elemental Analyses were performed by the Warwick Analytical Service. In order to evaluate the variation of N or Cl content 
on the alkali-aged AEM samples, the %loss was calculated according to the formula (%N, %C, and %Cl are %mol values): 
        %𝑙𝑜𝑠𝑠 (𝑁 𝐶)⁄ = 100 × (1 −
[%𝑁  %𝐶]⁄ 𝑝𝑜𝑠𝑡−𝑎𝑔𝑒𝑑
[%𝑁  %𝐶]⁄ 𝑝𝑟𝑒−𝑎𝑔𝑒𝑑
)            %𝑙𝑜𝑠𝑠 (𝐶𝑙 𝐶)⁄ = 100 × (1 −
[%𝐶𝑙  %𝐶]⁄ 𝑝𝑜𝑠𝑡−𝑎𝑔𝑒𝑑
[%𝐶𝑙  %𝐶]⁄ 𝑝𝑟𝑒−𝑎𝑔𝑒𝑑
) 
Table S2 % Losses after aqueous KOH (1 M) alkali treatment calculated from IEC and Elemental analysis data. 
  
  
AEM-4VBC-TMA AEM-3/4VBC-TMA AEM-3VBC-TMA 
IEC Loss [%] 54 ± 2 37 ± 5 26 ± 3 
%loss(Cl/C) 55 ± 4 28.5 ± 0.2 26.5 ± 1.6 
%loss(N/C) 36.3 ± 0.4 16.6 ± 0.4 14.1 ± 0.4 
 
10. AEMs prepared with the MPY head-group 
Table S3 Key properties and alkaline degradation measured for the AEMs prepared with the MPY head-group. 
  
  
AEM-4VBC-MPY AEM-3/4VBC-MPY AEM-3VBC-MPY 
Monomer 
concentration [% v/v] 
5 5 5 
Reaction time / h 6 6 6 
DoG [%] 94 55 29 
IEC / mmol g-1 2.14 ± 0.05 1.72 ± 0.05 1.11 ± 0.04 
WU [%] 135 ± 7 82 ± 6 30 ± 6 
λ 35 ± 2 27 ± 2 15 ± 3 
IEC Loss [%] 44 ± 5 27 ± 4 14 ± 5 
 
